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Abstract 
 Phase change material (PCM) are substances capable of absorbing and releasing 
significant amounts of heat through a narrow temperature range. The material would ideally 
be applied to structure to conserve energy during peak temperature hours. This project 
performed tests to evaluate the phase change process temperatures, heat capacities, thermal 
conductivity, extinction coefficient, and refraction index of solid-solid PCMs. The results 
were analyzed, and the possible applications were discussed.    
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Executive Summary 
This project determines and analyzes the thermal and optical properties of phase change 
material (PCM). Phase change material is a substance that has the ability to store a significant 
amount of heat as the temperature rises through a narrow range and release the heat as the 
temperature falls back through a similar range. Specifically, this material can absorb great 
amounts of heat at peak temperatures, reduce the energy cost during the warmest parts of the 
day, and release the energy as the temperature drops back down. This is a fairly new type of 
material, and much research is yet to be done on the many forms of PCM. Studying the thermal 
and optical properties of particular samples could help determine the proper building 
application of this material. 
 One test performed on the phase change material was a differential scanning calorimetry 
(DSC) test. This method calculated the temperature range in which the PCM sample absorbs 
and releases heat, as well as its heat capacity. The phase change material sample with the largest 
heat capacity could store around 107 joules per gram. This sample was decided to be the most 
optimal, and was utilized in the following two tests.  
 The second test was a thermal conductivity test created by a past MQP group and modified 
for this project. In summary, heat was passed through a sample, molded by a PTFE washer, 
between two copper disks. The temperature of the copper disks, the power inputted into the 
system, and known thermal resistances were used to calculate the thermal conductivity of the 
sample. A polylactic acid (PLA) plastic was used to ascertain the accuracy of the test. There 
were multiple issues that skewed the results of the test and when the phase change material was 
tested, the results were invalidated due to a number of errors. Modifications were implemented 
and suggested for more accurate and consistent results. 
 The final test performed was an ellipsometry test. This method calculated a number of 
optical properties. The values of focus were the refractive index, extinction coefficient, and 
absorption coefficient. These values respectfully measure how light reflects through a material 
and what fraction gets absorbed by the material. An ellipsometer at WPI was utilized, and 
Complete EASE software recorded and calculated the data using inputted model sets of 
equations. The refractive index value determined to be around 2.1, meaning the material 
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heavily refracts light compared to types of glass. These results determine the phase change 
material does deflect light at a steeper angle than most transparent materials. Therefore, the 
phase change material cannot be built in areas where transparency is desired. The extinction 
coefficient, 0.05, is also relatively high compared to types of glass, yet low compared to metals. 
The material will be able to absorb light and likely convert it to energy, though the majority of 
the energy absorbed will be from heat. 
 The results from this project are preliminary. Knowing the heat capacity and optical 
properties is a good beginning, and determining a consistent thermal conductivity would be 
very valuable. How much energy the material can absorb on its own is a significant value, as 
this can be used to determine how much can be saved on heat costs. How the material interacts 
with light is valuable for architects and site designers, as modern commercial buildings tend to 
be very open and contain lots of sunlight. The thermal conductivity is important to civil 
engineers, as satisfying building codes and knowing how to insulate buildings is a key 
component in the design process. However, even more research has to be done on how to apply 
phase change material to structural components. How the material reacts with certain 
substances, how it can be most effectively contained yet still provide energy, and how much 
money can it save; these research options are but a key few that need to be determined before 
phase change material can be marketed. With environmentally-friendly buildings becoming 
more valuable, an energy-conserving, non-polluting material has the opportunity to 
revolutionize the green construction industry. 
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1.0 Introduction 
Environmentally-friendly building construction has become popular in the past couple of 
decades. Buildings are one of the biggest polluters in the world, and consume a lot of energy. 
For example, European buildings produce an estimated 40% of the carbon dioxide emissions 
and utilize an estimated 40% of the total final energy (Soares, N., J.J. Costa, and A.R. Gaspar, 
2015). As the trend of people staying inside continues to grow, the energy efficiency and heat 
conservation of buildings becomes more and more important. Phase change material (PCM) 
is a substance capable of storing and releasing energy based on the temperature of the 
surroundings. For example, during the warmest parts of the day, phase change material can 
absorb heat and reduce the cost of air conditioning. As the temperature begins to decrease, the 
PCM will release heat, and reduce the need for heating.  
In the past, phase change material transitioned from solid to liquid as it absorbed energy, 
and liquid to solid as it released energy. There are disadvantages to this transition; liquid can 
leak out of capsules and corrode the inside of structures. The drastically changing density of 
PCM can lead to structural imbalance. The transition change will also wear down the capsule 
containing the phase change material, and need continuous maintenance. The durability of the 
PCM also comes into question, as a substance that must transition everyday will start to lose 
effectiveness.  
Recently, new phase change materials have been created that transition from solid to 
solid. While the chemical make-up alters, the densities do not drastically change. As a result, 
this new solid-solid PCM can be seen as more feasible then it’s prior solid-liquid form. 
Research has been done on how to optimize this material in buildings while keeping structure 
stable. This project is about determining the thermal and optical properties of the phase 
change material in order to better understand the possible applications of this substance.  
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2.0 Background 
 This project dealt with phase change materials, thermal properties, and polarized light. 
Knowledge of these areas is necessary to understand what each test evaluates, and what the 
results identify. 
 
2.1 Phase Change Material Types 
 Phase change materials come in many different types. The three main categories are 
organic, inorganic and eutectic. (Sharma, Atul et al, 2015) 
 
2.1.1 Organic PCMs 
Organic PCMs can be furthered divided into two categories: paraffins and non-paraffins. 
Paraffins are mostly straight-chain n-alkanes, consisting of series of carbons, and can be 
found in natural gas, petroleum, and paraffin wax. Paraffins are generally safe, predictable in 
terms of behavior, less expensive, and non-corrosive. As the number of carbon molecules 
increase, the latent heat of fusion increases. (Sharma, Atul et al, 2015) This trait allows the 
PCM to be heated up to a higher temperature before changing into a liquid. This 
characteristic has to be taken under consideration when finding out at what temperatures the 
phase change starts, ends, and when the material becomes unusable liquid. Paraffins tend not 
conduct heat very well, which may be considered desirable if the phase change material 
wants to store energy rather than conduce it. Paraffins are not compatible with plastic 
containers, and can be moderately flammable (Sharma, Atul et al, 2015). As a result, applying 
paraffin-PCM to buildings must be met with some caution and consideration. Non-paraffins 
include a much wider variety of organic materials, including fatty acids, esters, alcohols, and 
glycols. These categories can be broken down even further. A common trait of non-paraffins 
is the even higher latent heat of fusion. Non-paraffins also tend to have lower thermal 
conductivity. The common disadvantages include flammability, varying levels of toxicity, 
instability at high temperatures, and low flash points, meaning the material may ignite on its 
own at lower temperatures (Sharma, Atul et al, 2015). Fatty acids show promise, with 
reproducible melting and freezing behavior, and doesn’t need to have the temperature 
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lowered beyond its freezing point to be frozen, also known as supercooling. However, fatty 
acids can also be very expensive, up to two or two and a half times the cost of technical grade 
paraffins. (Sharma, Atul et al, 2015) 
 
2.1.2 Inorganic PCMs 
Inorganic PCMS have two categories: hydrated salts and metallics. Inorganic PCMS do 
not supercool efficiently, but their heat of fusions do not degrade as time goes on. The salt 
hydrates process is unique, because as the material begins to melt, the salt and the water 
break apart then recrystallize after they have settled. Unfortunately, salt hydrates are known 
to melt the water but not the salt, creating an imbalance in the mixture. As a result, the salt 
may settle at the bottom of the container because of the density difference. There are a 
number of solutions to this problem. Mechanically stirring the mixture, containing the PCM 
in such a way to reduce separation of the salt and water, adding thickening agents to hold the 
salt in suspension, and even modifying the mixture to avoid the incongruent melting; all of 
these techniques are answers of how to stop the salt from sinking below the water. (Sharma, 
Atul et al, 2015) Salt hydrates also have poor nucleating properties, which mean they cannot 
easily reform themselves as a thermodynamic material. A solution to this dilemma is simply 
adding a nucleating agent, which provides a nucleion for the salt hydrate to form around. 
(Sharma, Atul et al, 2015) Salt hydrates, despite these downsides, are one of the most 
promising phase change materials. Their biggest advantages include high latent heat of 
fusion, high thermal conductivity (nigh on double that of paraffin’s), and only small volume 
changes on melting. They also tend to not be corrosive; can be used in plastic containers; 
only slightly toxic; and are relatively cheap. (Sharma, Atul et al, 2015) Metallics have a 
couple advantages; they have high heat of fusion per unit volume and high thermal 
conductivity. However, they have low specific heat, low vapor pressure, and low heat of 
fusion per unit weight. The biggest problem is metallics are very heavy and would cause 
costly structural dilemmas. (Sharma, Atul et al, 2015) 
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2.1.3 Eutectic 
A eutectic phase change material is a minimum-melting composition of two or more 
components, where each component melts and freezes in an orderly and balanced manner. 
(Sharma, Atul et al, 2015) Unlike salt hydrates, eutectic PCMs nearly always melt and freeze 
without separation. 
 
2.1.4 Hybrid PCMs  
The phase change material this project will be experimenting with is a hybrid of all three 
types of PCM. It is an organic carbon chains mixed with different percentages of inorganic 
aluminum (iii) oxide, and since the aluminum doesn’t melt during the phase change process, 
this hybrid PCM cannot be classified into just organic, inorganic, or eutectic. The idea is to 
have the latent heat and storing capabilities of the aluminum with the texture and applicability 
of carbon polymers. The thermal and optical properties of such a material will be explored in 
this project through the use of different tests. 
 
2.2 Phase Change Material Applications 
 Phase change material can apply to many different fields of study. In the civil 
engineering field, phase change materials can be embedded into wall and window 
membranes, and absorb/release heat into the environment. In the computer science field, 
phase change material can be used as memory devices, capable of storing data. In the 
environmental field, phase change material can be applied to solar panels and collect 
renewable energy. (Kenisarin and Khamid, 2006) However, this project focuses on phase 
change material designed to be in structures, so the civil engineering field applications will be 
explained.  
 
2.2.1 Phase Change Material in Structures 
 Current phase change materials need to be encapsulated in order to be utilized in a safe 
manner in structures. The risk of a leak or corrosion is too great to leave the material simply 
embedded in walls. As a result, research has been done on how to store PCMs in such a way 
that the material still retains its optical and thermal properties of energy storage. Before the 
P a g e  | 7 
phase change material can be applied, it first has to meet certain requirements. The material 
must operate well under the existing conditions of the structure’s location. The PCM should 
store heat at the warmest parts of the day, and release heat during the cooler parts of the 
evening. The material should be able to store heat during a relatively narrow temperature 
range in order to gain the full effect of storing heat at a peak temperature. The phase change 
material should have a certain density in order to maintain the structural integrity. The PCM 
should not have any adverse reactions with the construction material, i.e. corrosion or 
flammability. The material should also be chemically stable for long durations. Economically, 
the phase change material should also be easily available in large quantities for relatively low 
cost, to be appealing to contractors. (Pielichowska, 2014) 
 Once the phase change material is decided upon, the PCM can be encapsulated. How 
exactly to contain it depends on the material. Recently, research has been done on the 
microencapsulation of phase change material. Microencapsulation involves surrounded in the 
sample particles with an extremely thin coating or shell, often 1-1000 micrometers thick. 
Microencapsulation has been used in pharmaceuticals and cosmetics. In fact 
microencapsulated PCMs have been used in energy-conservation installations. To properly 
contain the PCM, the shell must have a proper diameter, known thermal and structural 
properties, as well as be economically feasible. Example materials include types of resin, 
PMMA (polymethyl methacrylate), and polyurea. There are multiple methods to encapsulate 
samples, including complex coacervation, suspension, emulsion, condensation and 
polyaddition polymerization. Each of these techniques are tailored for ceratin shell materials. 
For example, emulsion works ideally with PMMA, while polyurea is the best example of 
polyaddition polymerization. (Pielichowska, 2014) Microencapsulation is rather expensive 
however, so researching ways to cheaply manufacture PCM and microcapsules is a potential 
fortune. A benefit of phase change materials that transition from solid to solid is the capsules 
do not have to be tailored to contain liquids as well as solids. Technical problems, that may 
otherwise be rather expensive, are resolved if the PCM does not transition to an amorphous 
stage. 
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2.3 Refractive Index 
Refractive index measures the bending of light through a medium. In this experiment, the 
medium is phase change material. Written as 𝑛𝑛, the refraction index is mathematically the 
ratio of the sin of the angle of incidence hitting the medium (i) to the sin of refraction (r): 
 
 𝑛𝑛 = sin 𝑖𝑖sin 𝑟𝑟 Eq. 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
A greater refraction index indicates the medium will bend light at a greater angle, a 
lesser value meaning the light bends at a lesser angle. For example, air has a refraction index 
of around 1.003, meaning it bends light barely at all. On the other side of the spectrum, 
diamond has a refraction index of 2.4, meaning light bends sharply when passing through the 
carbon structure. (HyperPhysics, 2016) 
The refraction index of phase change material is of interest since it determines how the 
material would bend light when placed in translucent walls or glass. For this experiment, if 
the phase change material would stop the light coming through, more heat might be stored 
from the light. However, this trait may also be undesirable if the design was to let light pass 
through. If the material would not affect the light, or bend the light in a predictable fashion, 
the PCM could be more easily applied to environmentally friendly buildings with lots of glass 
and sunlight. However, the phase change material would also theoretically store less heat. 
Another function for phase change material could be to be placed around bulbs, 
Figure 1: Refraction Example (Encyclopedia Britannica, 2012) 
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lamps, and other man-made light projectors. The ability to collect and store heat from light 
sources could be invaluable in energy conservation. However, if the material would bend the 
light in an undesirable way, the feasibility for this idea decreases.  
 
2.3.1 Polarization 
Ellipsometry was utilized to discern the refraction index of the phase change material. 
To understand ellipsometry, polarization must be explained. 
If the light is non-polarized, the electric waves will fluctuate in random directions 
over time. Polarized light means each electric field will oscillate in one plane. In 
ellipsometry, two polarized fields are utilized: p-polarized light and s-polarized light. P-
polarized light will fluctuate parallel to the plane of incidence, while s-polarized light will 
fluctuate perpendicular to the plane of incidence 
The two polarizations refract at different magnitudes. To understand how to measure 
the magnitude of polarized light, imagine looking at the sine function from the side, seeing 
how the graph dips up and down along the y-axis. 
 
 
 
 
 
 
 
 
 
 
Now imagine another sine function, but this time instead of oscillating on y-axis, the 
electric field oscillates on the z-axis. 
 
 
Light Beam 
Vertical 
Polarization Field 
Figure 2: Vertical Polarization Field Side-View 
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If the two graphs are equal in magnitude and the phase difference is 90 degrees, a circle 
would be formed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Combine the two graphs and incorporating the different magnitudes, an elliptical shape is 
created and hence the name ellipsometry. 
 
 
Light 
Horizontal 
Polarization Field 
Light Beam 
Horizontal 
Polarization Field 
Vertical 
Polarization Field 
Figure 3: Horizontal Polarization Field Side-View 
Figure 4: Polarization Fields Equal in Magnitude, 90 degree phase difference 
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An ellipsometer measures the magnitude of p-waves and s-waves of refracted light. 
Using these values, software like Complete EASE can determine resulting values, including 
film thickness, extinction coefficient, and the refraction index. Since ellipsometry measures 
the ratio of two values, this experiment is very reproducible and accurate. As a result, 
ellipsometric measurements are very precise. 
  
  
 
 
 
 
 
 
 
 
 
 
Light Beam 
Horizontal 
Polarization Field Vertical 
Polarization Field 
Figure 5: Ellipse from Polarization fields, over or under 90 degree phase difference 
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Figure 6: DSC Test Layout. A sample is placed inside a small divot next to an existing reference 
material in an identical divot. The divots are sealed. Below the chamber is a heating reactor, 
which is cooled using frozen carbon dioxide. Nitrogen gas is inputted to control the pressure of 
the environment. The temperature is controlled and recorded at a nearby computer. 
 
3.0 Methodology 
Three tests were performed for this project: a differential scanning calorimeter (DSC) 
test, a thermal conductivity test, and an ellipsometry test. A difficulty when performing these 
tests was a lack of PCM material. However, these experiments fully utilized the samples 
available and discovered valuable results. 
 
3.1 DSC Test 
The differential scanning calorimeter test was performed according to ASTM E1269. 
(ASTM International, 2016) The scope of the test was to determine the specific heat capacity 
by differential scanning calorimetry. A summary of the test method includes heating the 
samples at a controlled rate in a controlled atmosphere through the temperature range of 
interest. A differential scanning calorimeter was necessary for this task, and one was found at 
Clark University. Professor Sergio Granados-Focil was in charge of training, creating the 
PCM samples, and setting the desired environment.  
A small capsule of a PCM sample was placed in small divot, before being locked in a 
sealed chamber. Pressured and frozen CO2 was collected from a canister and placed around 
the heating reactor to regulate the temperature. Nitrogen gas was used to control the pressure. 
A computer was programmed with temperature increases and decreases to run each trial. A 
schematic of the process can be found below. 
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The samples were heated from 5°C to 100°C and then cooled from 100°C to 5°C. For the 
phase change span, the temperature changed at a rate of 5°C per minute to have more data 
points during the process of interest. For the rest of the test, the temperature changed at a rate 
of 20°C per minute to accelerate each trial. Each sample was tested three times. The 
temperature range of interest was usually between 35°C and 60°C, where the samples would 
often undergo phase change. However, some samples phase changed earlier at a colder 
temperature range, while others phase changed at a higher temperature range. Modifications 
were made in the computer programming to account for these differences after the first trial 
of each sample. The difference of heat flow in the samples was continually monitored and 
recorded. The four significant values recorded were the onset, end, peak value, and heat 
capacity of the phase change process. When the heat flow started to dramatically increase, the 
onset was recorded. When the heat flow reached a climax, the peak value was recorded. 
When the heat flow finished decreasing back to the standard value, the end was recorded. The 
area of this spike was recorded as the heat capacity. An average was taken for each one these 
values for each set of trials. The sample that had the largest heat capacity was considered to 
be the most promising and was reproduced for the thermal conductivity test and refraction 
index test. 
 
3.2 Thermal Conductivity Test 
The thermal conductivity test performed in this project was created by an MQP team 
from 2014. (George, Lydia D. et al, 2015) The summary of the test includes measuring the 
thermal resistance of a sample at different temperatures and power levels to calculate the 
thermal conductivity. An advantage of this test was only a very small amount of material was 
required, 0.074 inches thick and 0.344 inches in diameter. 
 
3.2.1 Original Method 
In a past MQP, a solid sample was sandwiched between glass panes and copper plates, 
heated to certain temperatures and thermal resistance was calculated among other data sets. 
For this project, the phase change material was not freestanding, nor could it support weight. 
To circumvent these issues, the sample was casted into a polytetrafluoroethylene (PTFE) 
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washer. The washer was then sandwiched between glass panes and copper disks with thermal 
couples and a heating couple attached. Thicker PTFE washers were placed on top of the 
copper disks to help squeeze the capsule and stabilize the heating wires. A hole was drilled 
into the thick washers to allow the wires to run freely to the computer without being stressed 
by the pressure. A C-clamp was used to hold it all together. A schematic of the capsule can be 
seen below. 
 
 
 
 
 
 
 
 
 
 
 
 
For creating the right size material for this capsule, the middle washers and glass panes 
were ordered/ acquired and already the correct dimensions. The middle washers had a 0.875 
inches outer diameter, 0.344 inch inner diameter, and 0.074 inch thickness. The glass panes 
were 1 inch squares with 0.001 inch thickness. The copper disks and thicker washers had to 
be altered. The copper disks were removed from a thin sheet of shim stock using a compass 
to outline a circle and scissors to cut it out. As a result, the disks were not perfect replicas, but 
were close enough in size for different in results to be negligible. They were 0.875 inches in 
diameter and 0.005 inches thick. The thick washers were hallowed out using a drill press to 
better fit the wires. The outer diameter was 0.8125 inches, the new inner diameter 0.5 inches, 
and the thickness 0.1875 inches. The outside thick washers each had semi-circle hole drilled 
in from the side, each hole being around 0.1 inch radius. A table of the dimensions of the 
materials can be found in Table 1.  
Figure 7: Capsule Schematic. The wires were varnished onto copper disks and the 
sample casted onto the middle washer before assembly.  
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Material Outer Diameter (in) Inner Diameter (in) Thickness (in) 
Middle Washer 0.875 0.344 0.074 
Glass Panes 1 N/A 0.001 
Copper Disks 0.875 N/A 0.005 
Thick Washers 0.8125 0.5 0.1875 
Table 1: Thermal Conductivity Material Dimensions 
A J-type thermal couple was garnished to each copper disk, and one heating couple was 
garnished to one disk. The thermal couples were then hooked up to a computer which would 
measure the temperatures of the copper disks using LabView SignalExpress program. The 
heating couple was plugged into a Keithley 2304A High Speed Power Supply. This supplier 
would conduct a known amount of power that would heat up one copper disk. The values of 
the two different temperatures, as well as the power running into the system, were necessary 
to ascertain the thermal resistance. 
This capsule was placed into a small canister, 3 inches in diameter and 5 inches in depth. 
This canister was put into a bigger container, with a wooden stand inside to place the canister 
onto. The purpose of the canister was to hold the capsule right next to the heat source. 
Wrapped around the canister was power wire, the heat source, which supplied necessary 
power to raise the temperature of the whole system. The power wire was connected a General 
Radio Company Type 200-C Variable Voltage Transformer, which was roughly adjusted to 
supply enough power to heat the system to a certain temperature. The purpose of the bigger 
container was to create a sealed environment and reduce the amount of escaped heat. A 
schematic can be seen below. 
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Figure 8: Canister and Container Layout 
 
 
3.2.2 Modified Method 
There were multiple problems and sources of error in the original methodology.  
The first problem was aligning the copper disks, glass panes, and middle washer, as each 
component tended to slip away from each other. Fortunately, the glass panes tended to 
distribute heat evenly across their surfaces and the temperature readings stayed constant as 
long as the copper disks were approximately aligned. The C-clamp also was rather hard to 
line up dead center, as keeping everything in place and clamping them all together was 
difficult. The pressure exerted by the C-clamp was also difficult to accurately reproduce. 
The second problem was the garnish did not permanently adhere the thermal wires to the 
copper disks. Often the wires had to be re-garnished back onto the disks. Therefore, the 
recordings from the thermal wires may have varied in value whenever the wires were reset. 
To circumvent this issue, the wires were soldered on using a tin-indium mixture. The copper 
disks were heated to around 170 °C on a heating plate before a soldering iron was placed on 
each disk, carefully heating them to 180 °C. At this temperature, the tin-indium soldering 
mixture melts. After applying enough mixture to coat the wire and leak onto the disks, the 
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heating plate is turned off, and the mixture is left to naturally cool for a day. With the garnish 
gone and the attachment of wires to disks now more permanent, there would be less sources 
of error. 
The third problem was the thermal contact between the washer and the glass slides 
versus the thermal contact between the reference material, PLA (polylactic acid), and the 
glass slides. Since the PLA was casted and melted onto each glass slide, the thermal contact 
for the PLA was much greater than the thermal contact of the washer. This resulted in very 
high values of thermal conductivity for PLA. To resolve this issue, a thin film of super glue 
was spread on the washer to create better contact with the glass. The film of glue had 
negligible resistance, and the resistances of the PLA and washer were now as proportional as 
they should be.  
 The fourth problem using 3-D printed PLA as a reference material. The PLA always had 
some air pockets in the samples, despite numerous attempts to remove them. The air pockets 
increased the resistance of the PLA and skewed the results. The bubbles were also theorized 
to shift during measurements, causing more errors and variation in results. A viscous 
polymer-based material with no air bubbles would be more preferable for reference. Epoxy 
adhesive was considered and researched to be quite ideal, as long as the thermal conductivity 
was well-known. The issue with epoxy would be fitting just the right amount of material in 
the washer without any overflowing.  
 
3.2.3 Thermal Calculations 
Calculating the thermal resistance of samples involved a system of equations that first 
required the determination of constant values. The overall equation is 
 𝑘𝑘 = 𝐿𝐿
𝑅𝑅𝑅𝑅
 Eq. 2 
 
where 𝑘𝑘 is thermal conductivity, 𝐿𝐿 is thickness, 𝑅𝑅 is thermal resistance, and 𝑅𝑅 is the 
cross-sectional area. To calculate 𝑘𝑘, thermal resistance needs to be found. To find resistance, 
the equation 
 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  𝑃𝑃ℎ𝑒𝑒𝑡𝑡𝑡𝑡 ∙ 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 Eq. 3 
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can be used if the total temperature change and heat flow is known. To calculate 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, the 
temperature at the copper plate being heated (𝑇𝑇𝐻𝐻) can be measured, the temperature at the 
other copper plate (𝑇𝑇𝑐𝑐) can measured, and the different of the two values can be taken. 
 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑇𝑇𝐻𝐻 − 𝑇𝑇𝑐𝑐 Eq. 4 
 
 There is also temperature change when there is no voltage powering the system. To 
quantify this value, a test must be done without any voltage. The resulting equation is 
 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑇𝑇𝐻𝐻 − 𝑇𝑇𝑐𝑐 Eq. 5 
 
with 𝛥𝛥𝑇𝑇𝑡𝑡 being the temperature change with no power flowing through the system. 
Calculating the total temperature change requires subtracting 𝛥𝛥𝑇𝑇𝑡𝑡 from 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.  
To find the heat flow, the voltage can be multiplied by the current. 
 𝑃𝑃𝑡𝑡 = 𝑉𝑉 ∙ 𝐼𝐼 Eq. 6 
 
 The heating power is in watts, the voltage in volts, and the current in amperes. However, 
there is generally always some of amount of power loss in the system. To account for heat 
loss, a unit-less factor, 𝑐𝑐, must be included.  
 𝑃𝑃ℎ𝑒𝑒𝑡𝑡𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡 Eq. 7 
 
 The resistance of the system is broken into three parts: the system resistance (𝑅𝑅𝑐𝑐), the 
sample resistance (𝑅𝑅𝑡𝑡), and the washer resistance (𝑅𝑅𝑤𝑤). The total resistance (𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 l) is equal 
to the system resistance plus the combined resistance of the washer and sample (𝑅𝑅𝑠𝑠).  
 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑠𝑠 Eq. 8 
Since the sample resistance and the washer resistance are in parallel, 𝑅𝑅𝑠𝑠 is equal to: 
 𝑅𝑅𝑠𝑠 =  ( 1𝑅𝑅𝑡𝑡 + 1𝑅𝑅𝑤𝑤)−1 Eq. 9 
 
 Replacing the values of the equation with total temperature change, heat flow, and total 
resistance: 
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𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + � 1𝑅𝑅𝑡𝑡 + 1𝑅𝑅𝑤𝑤�−1) Eq. 10 
 
 𝑅𝑅𝑤𝑤 has a known value of 22.99 K/W, as the washer is pure PTFE, a known plastic. In 
this equation, there are two unknown constants: 𝑐𝑐 and 𝑅𝑅𝑐𝑐. To solve for these values, there 
must be two tests and resulting equations: 
First, a test is done without a sample or washer; 
 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐) Eq. 11 
 
Second, a test is done with a washer but not a sample; 
 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑤𝑤) Eq. 12 
 
Solving this system of equations will reveal the constant values. After finding these 
constants, a sample of PCM with unknown thermal resistance can be experimented upon and 
the thermal conductivity can ultimately be determined.  
 
3.2.2 Thermal Test Procedure 
In order to determine the thermal conductivity of desired samples, a seven step testing 
procedure was followed. 
 The first step was assembling the capsule with a middle washer but no sample and testing 
at an initial temperature of around 35°C. The reason to start with just the washer is to make 
sure the test will perform with all the structural parts. To note: each temperature measurement 
was recorded once the temperature had stopped fluctuating. The temperature was recorded by 
LabView software. The average recorded temperatures of 3 minutes was used for each test.  
The initial difference of temperature was noted before increasing the power to one 
copper disk to 1 volt and 0.0080 amperes, for a power level of 0.0080 Watts. The new 
temperature difference was noted before increasing the power to 2 volts and 0.0163 amperes 
(Power = 0.0326 Watts). This test was repeated for 3 volts and 0.0245 amperes (Power = 
0.0734 Watts), and 4 volts and 0.0327 amperes (Power = 0.1307 Watts). The values for the 
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final temperature difference, voltage and current were noted for each different power. These 
data points were used in the Equation 12: 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑤𝑤) 
with 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (the final temperature difference), 𝛥𝛥𝑇𝑇𝑡𝑡 (the initial temperature difference), and 
𝑃𝑃𝑡𝑡 (power = voltage * current) being values determined by the performed test. 𝑅𝑅𝑤𝑤 (the 
washer thermal resistance) is a known value of 22.99 K/W. The unknown values are and 𝑐𝑐 
(the power loss coefficient), 𝑅𝑅𝑐𝑐 (the system resistance). 
 The second step was the repetition of the first step, except that the capsule was 
assembled with no washer and no sample, just two glass panes clamped together. The data 
points determined the system resistance, and were used in Equation 11: 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐) 
with 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, 𝛥𝛥𝑇𝑇𝑡𝑡, and 𝑃𝑃𝑡𝑡 the values discovered by the performed test. The unknown values 
were 𝑐𝑐 and 𝑅𝑅𝑐𝑐. 
 The third step was another repetition of the first step, except the capsule was assembled 
with a washer and a known sample, PLA (polylactic acid). The plastic was printed from a 3-D 
printer to match the inner part of the middle washer. However, it was found the printout 
contained air inside. As a result, the plastic had to be printed out a bit thicker than the inner 
part of the washer: approximately 0.1 in in thickness. The printout was placed in a washer, 
and the washer on top of a glass pane. The pane, washer and plastic sample was placed on a 
hot plate at 150°C for three minutes. Another glass slide was placed on top of the washer as 
the plastic turned viscous. The resulting sandwich of glass panes with the washer and sample 
in the middle was flipped over and heated for two more minutes. Note that the casting was 
not perfect, as PLA tended to leak from the center into the washer, and that the plastic did not 
have perfect thermal contact with the glass panes.  
This test’s data points were used in Equation 10: 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + � 1𝑅𝑅𝑡𝑡 + 1𝑅𝑅𝑤𝑤�−1) 
  
with 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, 𝛥𝛥𝑇𝑇𝑡𝑡, and 𝑃𝑃𝑡𝑡 being values discovered by the performed test. 𝑅𝑅𝑤𝑤 is an already 
known value of 22.99 K/W. The unknown values are 𝑐𝑐, 𝑅𝑅𝑡𝑡 (PLA sample thermal resistance), 
P a g e  | 21 
and 𝑅𝑅𝑐𝑐. The reason for to measure the PLA thermal conductivity was to ascertain the 
accuracy of this test. PLA (polylactic acid) has a known thermal conductivity of around 0.20 
W/m-K, so calculating the thermal resistance and then the thermal conductivity would 
validate the testing procedure. 
 The fourth step was repeating steps 1-3 at different initial temperatures: 35°C and 60°C. 
The reason for different starting temperatures is to eventually find the thermal conductivity of 
PCM at different temperatures and in different parts of the phase change process. 
 The fifth step was calculating the unknown values of 𝑐𝑐 (power loss coefficient) and 𝑅𝑅𝑐𝑐 
(system resistance) at the different power levels. To solve for these two constants, a two 
system equation was used, Equation 11 and 12: 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 =  𝛥𝛥𝑇𝑇1 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐) 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝛥𝛥𝑇𝑇2 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑤𝑤) 
Note that these equations must be repeated for each different power level.  
 To solve for 𝑐𝑐, a simple re-arrangement reveals the following: 
 𝛥𝛥𝑇𝑇1
𝑐𝑐𝑃𝑃𝑡𝑡
= 𝑅𝑅𝑐𝑐 Eq. 13 
 
 Substituting the above for 𝑅𝑅𝑐𝑐 and re-arranging: 
 𝑐𝑐 =  𝛥𝛥𝑇𝑇2 − 𝛥𝛥𝑇𝑇1
𝑃𝑃𝑡𝑡𝑅𝑅𝑤𝑤
 Eq. 14 
 
 After obtaining the values for 𝑐𝑐, 𝑅𝑅𝑐𝑐 was found by simply inputting 𝑐𝑐 into Eq. 15 
𝛥𝛥𝑇𝑇1
𝑐𝑐𝑃𝑃𝑡𝑡
= 𝑅𝑅𝑐𝑐 
 The sixth step was using these c values to solve for 𝑅𝑅𝑡𝑡 (PLA thermal resistance) by 
using Equation 10: 
 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + � 1𝑅𝑅𝑡𝑡 + 1𝑅𝑅𝑤𝑤�−1)  
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 Re-arranged to solve for 𝑅𝑅𝑡𝑡: 
 
𝑅𝑅𝑡𝑡 =   [�𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡𝑐𝑐𝑃𝑃𝑡𝑡 − 𝑅𝑅𝑐𝑐�−1 −  1𝑅𝑅𝑤𝑤]−1 Eq. 14 
 
Using the thermal resistance, the thermal conductivity was solved using Equation 2: 
 𝑘𝑘 = 𝐿𝐿
𝑅𝑅𝑡𝑡𝑅𝑅
  
 
with 𝑘𝑘 as the thermal conductivity, 𝐿𝐿 as the thickness of the PCM sample (0.00188 m), 𝑅𝑅𝑡𝑡 
as the recently calculated thermal resistance of the PLA and 𝑅𝑅 as the cross-sectional area of 
the sample (0.00006 m2). 
 
 The seventh step was repeating the first step, but assembling the capsule with a washer 
and the PCM sample. The same power values was used, as well as similar initial 
temperatures. The data points were used to solve Equation 10s: 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + � 1𝑅𝑅𝑃𝑃 + 1𝑅𝑅𝑤𝑤�−1) 
with 𝑅𝑅𝑃𝑃, the thermal resistance of the PCM sample, being the only unknown value. Re-
arranging the equation to solve for 𝑅𝑅𝑃𝑃: 
 
 
𝑅𝑅𝑃𝑃 =   [�𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡𝑐𝑐𝑃𝑃𝑡𝑡 − 𝑅𝑅𝑐𝑐�−1 −  1𝑅𝑅𝑤𝑤]−1 Eq. 15 
 
 Lastly, the thermal conductivity for the PCM was calculated using 𝑅𝑅𝑝𝑝: 
𝑘𝑘 = 𝐿𝐿
𝑅𝑅𝑝𝑝𝑅𝑅
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3.3 Ellipsometer Test 
WPI owns an ellipsometer that measures values of polarized light, including refraction 
index and extinction coefficient. To use this machine, phase change material had to be 
converted into thin film on microscope slides. 
 
3.3.1 Sample Preparation 
 A vial of the phase change material was heated at 105°C for ten minutes. Once 
removed, the PCM was observed as fluid. A small amount was carefully poured on three 
microscope slides. Because the slides were slightly below room temperature, the PCM samples 
immediately hardened before they could be smoothed into thin films. As a result, each slide 
was placed into the oven at 105°C for five minutes. After such time, the samples were fluid 
once again, and were more thinly spread out. A solution to skip the process of heating the slides 
after the sample has been drop casted is to heat the slides with the vial. Ensuring the slides are 
around the same temperature as the sample will cause the PCM to not harden immediately and 
create time to spread the material to a thin film. 
An observation was made as the slides were left to cool again. Each slide exhibited 
glowing crystals as the samples began to solidify. The theoretical cause of this phenomenon 
was the material underwent phase change, and the resulting crystallizations sparkled.  
 
3.3.2 Ellipsometer Calibration 
Sufficient time was given to cool the slides to room temperature. Each slide was placed 
in the ellipsometer one at a time. The lamp has to be switched on to project a small circle of 
white light onto flat surface where test samples are placed. The lamp should be left to heat up 
for 10 minutes in order for the machine to reach full working capacity. The light emitted by the 
lamp was about one centimeter in diameter and had to be focused onto the sample to begin the 
alignment. In order to use the ellipsometer, the beam of light has to be reflected as perfectly as 
possible into the corresponding detector. A layout of the process can be seen below. 
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 With use of Complete EASE software and fine dials controlling the x and y movement 
of the sample, the system can be aligned in nanometers in order to obtain measurable reflection.  
However, the light first has to refract from the material into the detector, and the phase 
change material was not reflecting at all in the thicker, denser areas. Or if it was reflecting light, 
the light was so weak or at such an obtuse angle that the refraction could be seen or detected. 
As a result, the thin edges of the first sample had to be measured and carefully aligned so as 
not to include the microscope glass in the refraction.  
 In the other two samples, there was no reflection that did not include the microscope glass 
being incorporated. As a result, each of the two slides were heated up at 100°C for two minutes 
on a hot plate. After such time, the now-fluid samples were smoothed into even thinner films. 
Each was immediately placed into the ellipsometer following the heating and thinning process. 
Each sample after such a method refracted a measurable amount of light. A second set of trials 
for the second sample was undertaken after 30 minutes to allow the film to cool down, to see 
if there were any notable changes. 
When using the ellipsometer, angles of incidence were chosen to measure the sample. The 
angle of incidence is the angle at which the light hits the medium. For the most accurate results, 
the angle of incidence should correspond with a delta value of around 90 degrees. The 
reasoning is at delta values of 0 degrees and 180 degrees, the data becomes harder to reproduce 
and not as accurate. However, the delta value can only be measured after the test has been 
undertaken. Using a trial and error method, an angle of incidence of around 57 degrees was 
found to have delta values close to 90 degrees. As a result, each test was performed using angles 
Figure 9: Ellipsometry Sample Test (Angstromadvanced.com, 2016) 
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56 degrees through 58 degrees at 0.5 degree intervals. In other words, 56, 56.5, 57, 57.5, and 
58 degree angle of incidences were utilized. 
 
3.3.3 Ellipsometry Models 
The data obtained from the Complete Ease software had to be modelled using pre-
determined equations based on the opaqueness of the sample and slide. For example, one option 
for a model was glass substrate with transparent film. This model can be generated and fit to 
the data to produce graphs and values for refraction index, as well as other key terms like film 
thickness and the extinction coefficient. The model also has a mean square error (MSE) to 
measure how accurate the model is to fitting the data. However, the phase change material was 
later considered not perfectly transparent, therefore a different model was used to fit the data: 
glass substrate with absorbing film. This model was determined to be more accurate due to 
lower MSE values.  
 
3.3.4 Silicone Trials 
  The process of measuring PCM samples in the ellipsometer was repeated for silicon wafers 
instead of microscope glass slides in order to determine if a different substrate yielded different 
results.  
 The PCM samples were scraped off the microscope slides and onto the two silicon wafers 
in solid form. The wafers were subsequently heated up in an oven at 105°C for five minutes 
and the resulting viscous film was spread thinly. 
 The first sample was not able to be calibrated onto the ellipsometer; the wafer was heated 
up on a heat plate until the PCM turned translucent and viscous. The film was spread even 
more thinly and was afterward able to be calibrated and measured. 
 The second was not able to be calibrated and measured until it was heated and spread out 
twice.  
A silicon with absorbing film model was used. A transparent film model was generated 
and tried to fit the data; however the MSE for the results was over 400 and considered ‘Out of 
Spec.’ by the software. The first sample trials seemed to have a large fluctuation in values and 
could all be considered an outlier set of tests. The second trial had more consistent values and 
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the resulting refraction index was much closer in value to the microscope slides tests.  
4.0 Results 
 There are three sets of results: Differential Scanning Calorimeter results, Thermal 
Conductivity results, and Ellipsometry results. The results are presented in tables and graphs, 
and were quantitatively and qualitatively analyzed. 
 
4.1 DSC Results 
 The differential scanning calorimeter measured the endothermic heat flow as a function of 
temperature of different phase change material samples. This measurement calculates what 
temperature the phase change starts on, the peak temperature of the phase change process, what 
temperature the process ends on, and the heat storage of each sample. Since each sample starts 
at a cold temperature, heats up to a hot temperature, then cools back down, there are two sets 
of onsets, peaks, ends, and heat storages. 
 
Sample  
Onset 
1 (⁰C) 
Peak 
(⁰C) 
End 
(⁰C) 
Heat 
Capacity 
(J/g) 
Onset 
2 (⁰C) 
Peak  
(⁰C) 
End 
(⁰C) 
Heat 
Capacity 
(J/g) 
Difference 
in Heat 
Capacity 
(J/g) 
10.28 
55.4 ± 
4.69 
62.91 
± 3.31 
65.26 
± 5.75 
107.11 ± 
19.82 
51.05 
± 2.93 
49.14 
± 4.52 
46.41 
± 6.19 
101.89 ± 
54.07 
5.21 
Blank 
46.98 
± 0.21 
48.52 
± 0.23 
49 ± 
0.25 
36.8 ± 
5.04 
41.52 
± 1.5 
40.83 
± 1.19 
39.37 
± 0.58 
28.65 ± 
2.72 
8.15 
KS-3-
187-50 
41.51 
± 0.69 
43.12 
± 0.6 
43.84 
± 0.64 
48.9 ± 
5.58 
44.89 
± 0.08 
43.8 ± 
0.1 
41.37 
± 0.22 
49.96 ± 
6.34 
-1.05 
KS-4-
29-70-
30 
47.27 
± 0.5 
49.01 
± 0.22 
49.66 
± 0.19 
45.87 ± 
4.48 
42.51 
± 0.76 
41.82 
± 0.75 
39.95 
± 0.74 
32.68 ± 
2.39 
13.19 
KS-
187-30 
58.19 
± 1.64 
61.46 
± 2.57 
63.69 
± 3.04 
69.88 ± 
26.71 
47.51 
± 0.03 
45.37 
± 0.32 
44.02 
± 0.36 
127.16 ± 
8.69 
-57.28 
KS-
187-90 
38.61 
± 1.52 
40.11 
± 1.59 
40.99 
± 1.72 
53.45 ± 
8.82 
29.84 
± 0.69 
28.72 
± 0.69 
27.8 ± 
0.69 
38.34 ± 
6.77 
15.11 
KS-
187-70 
38.87 
± 1.28 
40.18 
± 1.49 
40.9 ± 
1.7 
36.29 ± 
8.07 
30.41 
± 0.02 
29.37 
± 0.02 
28.55 
± 0.01 
24.16 ± 
0.72 
12.13 
Table 2: DSC Test Results. Each sample is heated from 20 C to 100 C, then cooled from 100 C 
to 20 C. The onset 1, peak, end, and heat capacity of the phase change process is recorded 
during the heating stage, and the onset 2, peak, end, and heat capacity of the phase change 
process is recorded during the cooling stage. 
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 In Table 2, the values are the average of three trials of each sample, with standard 
deviation to represent the consistency. The difference of heat capacity calculates the storing 
heat capacity subtracted by the releasing heat capacity and was the other measure of 
consistency. Samples that did not store as much energy as it released and vice versa were not 
considered to be reliable. The labels are a source of error in this procedure. The labels 
denoted with a ‘KS’ were given by Clark University and correlate to the compounds that 
make-up the sample. These compounds are unknown, and should be determined and 
researched in the future. The ’10.28’ and ‘Blank’ samples are labels created for the sake of 
memory and need to also be investigated properly. 
 The heat capacity was the value of focus in this experiment. The more heat a sample can 
hold, the more desirable that material is. However, consistency was also considered 
important. A material that acts unpredictably can be very difficult to work with and 
experiment on.  
Taking these factors into account, the sample labelled as 10.28 was considered the most 
desirable. It had second and third highest heat capacity, as well as a small difference in the 
average heat capacities, meaning it was consistent. While the heat capacities had large 
standard deviations, the second most viable sample, KS-187-30, also had large standard 
deviations. Therefore 10.28 was considered to be the most desirable despite the variation in 
values. The material also had a large latent heat of fusion, meaning the sample need more 
heat to begin the phase change process. This trait can be derived from the fact that the onset 
during the heating stage was higher than the majority of the other samples, and the onset 
during the cooling stage was lower than the majority. Keeping all these factors in mind, this 
phase change material was used for the next two tests. To view the full set of data, see 
Appendix A: Differential Scanning Calorimeter Data 
 
4.2 Thermal Conductivity Results 
 There main values outputted from this test were the thermal resistances, power loss 
coefficients, and thermal conductivities. The polylactic acid (PLA) samples were used to 
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measure how accurate this test procedure was. 
 
 
 
  
Sample at 
initial T of 
35°C 
P 
(watts) 
ΔTo  
(°C) 
ΔTf 
(°C) 
ΔTf - 
ΔTo (°C) 
c Rs (°C/W) Rt (°C/W) 
k (W/m-
°C) 
O
rig
in
al
 M
et
ho
d 
Test w/ 
system 
resistance 
0.0080 0.10 0.11 0.01 0.27 4.60 N/A N/A 
0.0326 0.10 0.17 0.07 0.31 7.00 N/A N/A 
0.0734 0.10 0.30 0.20 0.27 10.22 N/A N/A 
0.1307 0.10 0.40 0.30 0.28 8.11 N/A N/A 
        Average 
0.28 ± 
0.02 
7.48 ± 
2.34 
    
Test w/ 
washer  
0.0080 0.08 0.14 0.06 0.27 4.60 N/A N/A 
0.0326 0.08 0.38 0.30 0.31 7.00 N/A N/A 
0.0734 0.08 0.73 0.65 0.27 10.22 N/A N/A 
0.1307 0.08 1.23 1.15 0.28 8.11 N/A N/A 
        Average 
0.28 ± 
0.02 
7.48 ± 
2.34 
    
Test w/ 
PLA v1 
0.0080 0.09 0.19 0.10 0.27 4.60 51.73 0.61 
0.0326 0.09 0.53 0.44 0.31 7.00 60.76 0.52 
0.0734 0.09 1.08 0.99 0.27 10.22 53.42 0.59 
0.1307 0.09 1.90 1.81 0.28 8.11 52.60 0.60 
        Average 
0.28 ± 
0.02 
7.48 ± 
2.34 
54.63 ± 
4.15 
0.58 ± 
0.04 
Test w/ 
PLA v2 
0.0080 0.12 0.19 0.07 0.27 4.60 137.94 0.23 
0.0326 0.12 0.45 0.33 0.31 7.00 199.25 0.16 
0.0734 0.12 0.92 0.80 0.27 10.22 91.96 0.34 
0.1307 0.12 1.55 1.43 0.28 8.11 92.78 0.34 
          Average 
0.28 ± 
0.02 
7.48 ± 
2.82 
130.48 ± 
50.63 
0.27 ± 
0.09 
Re
-M
el
t 
Test w/ 
PLA v1 
0.0080 0.08 0.13 0.05 0.27 4.60 91.96 0.34 
0.0326 0.08 0.39 0.31 0.31 7.00 551.76 0.06 
0.0734 0.08 1.08 0.79 0.27 10.22 96.89 0.32 
0.1307 0.08 1.90 1.41 0.28 8.11 98.15 0.32 
       Average 
0.28 ± 
0.02 
7.48 ± 
2.34 
209.69 ± 
228.06 
0.26 ± 
0.14 
Test w/ 
PLA v2 
0.0080 0.07 0.12 0.05 0.27 4.60 91.96 0.34 
0.0326 0.07 0.29 0.22 0.31 7.00 43.11 0.73 
0.0734 0.07 0.63 0.56 0.27 10.22 91.96 0.34 
0.1307 0.07 1.10 1.03 0.28 8.11 139.86 0.22 
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          Average 
0.28 ± 
0.02 
7.48 ± 
2.34 
91.72 ± 
39.5 
0.41 ± 
0.22 
M
od
ifi
ed
 
M
et
ho
d 
Test w/ 
PLA v3 
0.0080 0.06 0.16 0.10 0.27 4.60 51.73 0.61 
0.0326 0.06 0.35 0.29 0.31 7.00 505.78 0.06 
0.0734 0.06 0.75 0.69 0.27 10.22 281.63 0.11 
0.1307 0.06 1.30 1.24 0.28 8.11 240.12 0.13 
          Average 
0.28 ± 
0.02 
7.48 ± 
2.34 
209.69 ± 
228.06 
0.26 ± 
0.14 
 
Table 3: Thermal Conductivity Test with test samples starting at 35 C. The different of 
temperature is noted at 0 volts and recorded in the ΔTo column. The different of temperature is 
noted at each power level (ΔTf). Power (P) is inputted into the system via heating couple. The 
power loss coefficient (c), system resistance (Rc), sample resistance (Rt), and thermal 
conductivity (k) of PLA is calculated using power, difference of change of temperature, and the known 
resistance of the PTFE washer. The average results and standard deviations are also calculated. The 
Original Method are tests without super glue adhered between the middle washer and the glass panes. 
The Re-melt is a repeat of the original method after the two original PLA samples were reheated to 
achieve better thermal contact. The Modified Method was done with a third PLA sample and used glue 
to attach the washer to the glass to ensure better thermal contact for the washer. 
 
 
 
Figure 10: Graph of Power vs ΔTemperature for system resistance 
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Figure 11: Graph of Power vs ΔTemperature for washer 
 
 
 
Figure 12: Graph of Power vs ΔTemperature for PLA 1 at 35°C 
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Figure 13: Graph of Power vs ΔTemperature for PLA v2 at 35°C 
 
 
Figure 14: Graph of Power vs ΔTemperature for PLA v1 after re-melt at 35°C 
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Figure 15: Graph of Power vs ΔTemperature for PLA v2 after re-melt at 35°C 
 
 
Figure 16: Graph of Power vs ΔTemperature for modified method PLA 3 at 35°C 
 
 
 
 
 
 
 
 
  
  
y = 39.831x - 0.3466
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0.0000 0.0050 0.0100 0.0150 0.0200 0.0250 0.0300 0.0350
Δ
Te
m
pe
ra
tu
re
Power
Power vs ΔTemperature PLA 2
y = 9.3907x + 0.0054
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Δ
Te
m
pe
ra
tu
re
 
Power
PLA v3 Power vs ΔTemperature
P a g e  | 33 
Sample 
at initial 
T of 60°C 
P 
(watts) 
ΔTo  
(°C) 
ΔTf 
(°C) 
ΔTf - ΔTo 
(°C) 
c Rs (°C/W) Rt (°C/W) k (W/m-°C) 
Test w/o 
washer 
and 
sample 
0.0080 0.08 0.10 0.02 0.38 6.57 N/A N/A 
0.0326 0.08 0.14 0.06 0.39 4.76 N/A N/A 
0.0734 0.08 0.24 0.16 0.39 5.57 N/A N/A 
0.1307 0.08 0.42 0.34 0.40 6.46 N/A N/A 
    Average 
0.39 ± 
0.01 
5.84 ± 
0.85 
N/A N/A 
Test w/ 
washer 
0.0080 0.11 0.20 0.09 0.38 6.57 N/A N/A 
0.0326 0.11 0.46 0.35 0.39 4.76 N/A N/A 
0.0734 0.11 0.93 0.82 0.39 5.57 N/A N/A 
0.1307 0.11 1.66 1.55 0.40 6.46 N/A N/A 
    Average 
0.39 ± 
0.01 
5.84 ± 
0.85 
N/A N/A 
Test w/ 
PLA v1 
0.0080 0.12 0.20 0.08 0.38 6.57 137.94 0.23 
0.0326 0.12 0.48 0.36 0.39 4.76 689.70 0.05 
0.0734 0.12 0.96 0.84 0.39 5.57 781.66 0.04 
0.1307 0.12 1.69 1.57 0.40 6.46 1413.89 0.02 
    Average 
0.39 ± 
0.01 
5.84 ± 
0.85 
755.8 ± 
522.77 
0.08 ± 0.1 
Test w/ 
PCM 
0.0080 0.14 0.16 0.02 0.38 6.57 0.00 Invalid 
0.0326 0.14 0.37 0.23 0.39 4.76 32.57 0.96 
0.0734 0.14 0.72 0.58 0.39 5.57 40.23 0.78 
0.1307 0.14 1.23 1.09 0.40 6.46 37.48 0.84 
    Average 
0.39 ± 
0.01 
5.63 ± 
0.91 
36.76 ± 
3.88 
0.86 ± 0.09 
Table 4: Thermal Conductivity with test samples starting at 60 C. The different of temperature 
is noted at 0 volts and recorded in the ΔTo column. Power is inputted into the system via heating 
couple. The power loss coefficient (c), system resistance (Rc), sample resistance (Rt), and 
thermal conductivity (k) of PLA is calculated using power, difference of change of temperature, and the 
known resistance of the PTFE washer. The average results and standard deviations are also calculated. 
The Re-melt and Modified method were not utilized at this temperature. 
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Figure 17: Graph of Power vs ΔTemperature for system resistance at 60°C 
 
 
Figure 18: Graph of Power vs ΔTemperature for system resistance at 60°C 
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Figure 19: Graph of Power vs ΔTemperature for PLA v1 at 60°C 
 
 
Figure 20: Graph of Power vs ΔTemperature for PCM at 60°C 
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temperature  (𝛥𝛥𝑇𝑇𝑓𝑓 − 𝛥𝛥𝑇𝑇𝑡𝑡 ) also was consistent in increasing as the power increased. 𝑐𝑐, the 
power loss coefficient, was also consistent, if varied between temperatures. However the 
thermal resistances and thermal conductivities varied between tests and methods. 
 The power loss coefficient, 𝑐𝑐, was determined using Equation 11 and Equation 12 found in 
the methodology for the thermal conductivity test. 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 =  𝛥𝛥𝑇𝑇1 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐) 
𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡 = 𝛥𝛥𝑇𝑇2 = 𝑐𝑐𝑃𝑃𝑡𝑡(𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑤𝑤) 
with 𝑅𝑅𝑤𝑤 being 22.99 (°C/W). A power loss ratio of 0.4 and 0.3 is not ideal, but is workable. 
The power loss could be in the wires, lack of perfect insulation, and the capsule aligning 
imperfectly. 𝑐𝑐 should account for these imperfections, but the variation means the tests were 
not reproduced correctly, and does represent a source of error in this experiment. 
 𝑅𝑅𝑐𝑐, the system resistance, was determined next, using Eq. 13 
𝛥𝛥𝑇𝑇1
𝑐𝑐𝑃𝑃𝑡𝑡
= 𝑅𝑅𝑐𝑐 
 𝑅𝑅𝑐𝑐 was, on average, between 6-8 (°C/W). This was a relatively small resistance, which 
emphasized the other thermal resistances. The outlier measurements (around 4 or 10), may 
have been caused by misalignment, or cracks on the glass as they undertook the pressure 
from the C-clamp. This variation as another representation of the poor reproducibility of this 
experiment. 
 Calculating the thermal resistances of samples can be done in two ways. The first way is 
using Equation 14: 
𝑅𝑅𝑡𝑡 =   [�𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡𝑐𝑐𝑃𝑃𝑡𝑡 − 𝑅𝑅𝑐𝑐�−1 −  1𝑅𝑅𝑤𝑤]−1 
using the 𝑅𝑅𝑐𝑐 and 𝑐𝑐 values already calculated. These are the data points displayed in the 𝑅𝑅𝑡𝑡 
column in Table 3 and 4. These numbers consistently fluctuated. One theoretical cause behind 
this fluctuation is the possible presence of air inside the sample. When printed from a 3-D 
printer, the PLA samples were not pure plastic, but had air locked inside. Melting these 
samples and casting them on top of glass slides and into washers may not have completely 
eliminated the air. A second theoretical cause was imperfect thermal contact. Ideally, the PLA 
would cast a perfect cylinder inside the glass slides, held by the washer. In the experiment, 
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the PLA was not a perfect, evenly balanced cylinder, and likely had greater contact with the 
one glass slide than the other. Also, the roughness of the sample could cause small 
indentations that would flaw the experiment. Each PLA sample was re-heated during the Re-
Melt in order to try to eradicate sources of error, but this step only seemed to exaggerate the 
existing imperfections.  
 A second way to calculate 𝑅𝑅𝑡𝑡 is to graph the power versus the change in temperature, 
and compute the linear relationship. This relationship is displayed for different tests in 
Figures 10-20. The slope of this relationship is equal to the power loss coefficient multiplied 
by the total resistance of that test. For example, the slope of the trials with no washer and no 
sample at 35°C was 2.4. Dividing slope by 𝑐𝑐, the average power loss coefficient (0.3) 
determines the total thermal resistance of that test, 𝑅𝑅𝑐𝑐  , to be 8 °C/W. Using a 𝑅𝑅𝑐𝑐, 𝑐𝑐, and a 
𝑅𝑅𝑤𝑤 of 22.99, 𝑅𝑅𝑡𝑡 can found using Equation 14. 
𝑅𝑅𝑡𝑡 =   [�𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛥𝛥𝑇𝑇𝑡𝑡𝑐𝑐𝑃𝑃𝑡𝑡 − 𝑅𝑅𝑐𝑐�−1 −  1𝑅𝑅𝑤𝑤]−1 
replacing 𝛥𝛥𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−𝛥𝛥𝑇𝑇𝑡𝑡
𝑃𝑃𝑡𝑡
 with the slope of the linear relationship between power and change of 
temperature for that set of trials. These results can be seen below. 
 
Test Slope c Rc (°C/W) Rt (°C/W) k (W/m-°C) 
PLA v1 at 35 13.911 0.3 6.6 54.49 0.58 
PLA v2 at 35 11.13 0.3 6.6 93.37 0.34 
PLA v1 after melt at 35 55.379 0.3 6.6 26.40 1.19 
PLA v2 after melt at 35 39.831 0.3 6.6 28.11 1.11 
PLA v3 at 35 9.39 0.3 6.6 332.08 0.09 
PLA v1 at 60 12.153 0.4 8 847.04 0.04 
Average    230.25 0.56 
Table 5: Thermal Resistance and Conductivity based on graph slopes, average calculated c, 
and calculated system resistance. 
 
 For consideration, the thermal conductivity of PLA is around 0.20 W/m-°C, and the 
corresponding thermal resistance for this test is 241 °C/W. The test that came closest to these 
values was PLA v3 at 35°C in the modified set up with a thermal conductivity of 0.09. This 
sample was observed to be the most compact sample, with little leakage and little presence of 
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air. The thermal contact between the glass, PLA, and washer seemed to be better. However, 
there were air bubbles and some overflow of the PLA into the washer, which may have 
caused the underestimation of the thermal conductivity. 
During the experiment, the PCM almost completely leaked from the inner part of the 
washer and squeezed in between the washer and the glass. As a result, the overall resistance 
increased more than just the washer, because air began to act like a vacuum as the PCM leaked 
out, and the PCM increased the resistance of the washer itself. The test for PCM was declared 
invalid, as there was no feasible way to measure the thickness and area of the sample, and it 
had left some of the sample in the middle, creating a very imperfect set of trials. The resulting 
data was presented to display how the thermal conductivity cannot be measured with the 
recordings and calculations used for the other tests. 
 With many sources of error and an invalid set of trials, this thermal conductivity test 
cannot be considered to be accurate in any definition of the word. The exact sources of error 
and imperfections will be discussed in the conclusions and recommendations. Creating a 
more reproducible set up and resolving the multiple flaws in this experiment is required for 
this test to have a degree of accuracy. To view the full set of data, see Appendix B: Thermal 
Conductivity Data. 
  
  
4.3 Ellipsometry Results 
 The data collected from the ellipsometer was inputted into Complete EASE software. A 
model was selected to fit the data, and to generate key values, including refraction index at 
632.8 nm wavelength, sample thickness, and mean square error (MSE). 
 
Sample n at 632.8 nm wavelength Thickness (nm) k α (1/cm) MSE 
Test 1 1.5138 ± 0.0006 1611.23 ± 15.91 0 0 3.07 ± 0.44 
Test 2 1.4928 ± 0.0012 881.94 ± 10.25 0 0 8.04 ± 0.61 
Test 3 1.5035 ± 0.002 1595.21 ± 74.41 0 0 4.38 ± 0.38 
Test 2 after cooling 1.4951 ± 0.0004 888.97 ± 2.98 0 0 6.9 ± 0.32 
Overall 1.5013 ± 0.0085 1244.34 ± 371.77 0 0 5.6 ± 2.06 
Table 6: PCM Ellipsometry Results using Glass Substrate with Transparent Film Model. Each 
trial was performed using an incidence of angle of 56, 56.5, 57, 57.5, and 58 degrees. ‘n’ is the 
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refractive index, the thickness denotes the thickness of the film measured by the ellipsometer, 
‘k’ is the extinction coefficient, α is the absorption coefficient, and MSE is the mean square 
error, which measures how accurate the model was.  
 
 
 
 
 
 
 
Sample 
n at 632.8 nm 
wavelength 
Thickness (nm) k α (1/cm) MSE 
Test 1 1.7753 ± 0.2037 236.79 ± 163.32 -0.06 ± 0.01 1.191E-10 1.37 ± 0.28 
Test 2 2.2797 ± 0.1425 125.3 ± 38.41 0.053 ± 0.065 1.052E-10 1.02 ± 0.09 
Test 3 2.3629 ± 0.2392 115.47 ± 24.29 0.087 ± 0.125 1.726E-10 1.23 ± 0.21 
Test 2 after 
cooling 
2.2635 ± 0.0364 100.85 ± 0.7 0.098 ± 0.07 1.94E-10 1.04 ± 0.02 
Overall 2.1704 ± 0.2703 144.6 ± 83.27 0.045 ± 0.086 1.479E-10 1.17 ± 0.2 
Table 7: PCM Ellipsometry Results using Glass Substrate with Absorbing Film Model. Each 
trial was performed using an incidence of angle of 56, 56.5, 57, 57.5, and 58 degrees. ‘n’ is the 
refractive index, the thickness denotes the thickness of the film measured by the ellipsometer, 
‘k’ is the extinction coefficient, α is the absorption coefficient, and MSE is the mean square 
error, which measures how accurate the model was. 
 
 
 
 
 
 
 
Sample 
n at 632.8 nm 
wavelength 
Thickness (nm) k α (1/cm) MSE 
Test 1 1.4926 ± 1.2747 8676.56 ± 14294.99 0.012 ± 0.103 2.382E-11 7.17 ± 3.4 
Test 2 2.1489 ± 0.1522 898.8 ± 80.11 0.683 ± 0.43 1.356E-09 7.76 ± 1.31 
Overall 1.8208 ± 0.6272 4787.68 ± 7053.56 0.347 ± 0.355 6.897E-10 7.46 ± 3.57 
Table 8: PCM Ellipsometry Results using Silicone Substrate with Absorbing Film Model. Each 
trial was performed using an incidence of angle of 56, 56.5, 57, 57.5, and 58 degrees. ‘n’ is the 
refractive index, the thickness denotes the thickness of the film measured by the ellipsometer, 
‘k’ is the extinction coefficient, α is the absorption coefficient, and MSE is the mean square 
error, which measures how accurate the model was. 
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The transparent film model could not generate any values for the silicon samples, as the 
mean square error was above 400.  
 Comparing the mean square errors of each of Tables 6-8, the refraction index values 
generated from the glass substrate with absorbing film model are the most accurate. The 
sample thickness from this set of data is also very consistent, usually around 100 nanometers. 
Also to be considered is the phase change material was not completely transparent: with 1.5 
being the refraction index of microscope glass, the transparent film model may not accurately 
represent the PCM characteristics.  
 The silicon wafer trials have some very high and varied standard deviations and mean 
square errors. The cause of these variations may have been induced by the length of time it 
took to calibrate the ellipsometer to phase change material on the silicon wafers. Even when 
the machine was able to start to measure the sample, the computer displayed an error message 
a couple of times after beginning the measurements, saying the sample had to be re-
calibrated. The detector could have been having a difficult time receiving a consistent amount 
of light. As a result, the values from the silicon trials are considered to be relatively 
inaccurate compared to the microscope glass trials.  
 The refractive index of phase change material based on the glass substrate with absorbing 
film model is determined to be an average of 2.17, with extinction coefficient around 0.045.  
With a refractive index of 2.17, light bends at a harsher angle than most windows (which 
usually have a refractive index of 1.5). This trait can be advantageous or disadvantageous 
depending on the site designer’s and architect’s desires. If the windows are designed to keep 
the building dim and not allow sunlight to penetrate, phase change material can bend the light 
downwards and stop it from flowing into the rooms. However, if the design is to flood the 
building with sunlight, like most modern buildings, phase change material should be 
delegated to walls and roofs. The PCM should still be exposed to light, as the material will be 
able to convert small amounts into energy. To view the full set of data, see Appendix C: 
Ellipsometry Data 
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5.0 Conclusions and Recommendations 
 The tests performed during this project can provide, at the very least, a foundation for 
more research and experiments on phase change material. There were imperfections; 
however, the results were at least within reason and the presented data that can help derive 
conclusions. 
 
5.1 Differential Scanning Calorimeter Test 
 The DSC test was performed ideally, with consistent results and controlled conditions. 
The data collected can be accurately used to predict the start, peak, and end of the phase 
change process, as well as the material’s storing and releasing heat capacity. The start of the 
phase change for this sample is around 55⁰C when heating up, and around 51⁰C when 
cooling down. The peak is around 63⁰C when heating up, and around 49⁰C when cooling 
down. The end is around 65⁰C when heating up, and around 46⁰C when cooling down. The 
heat capacity is around 107 J/g. This test denotes the potential amount of energy phase 
change material can conserve. However, this is a test of the raw material without any 
encapsulation. Currently, phase change material must be contained before any applications. 
The capsules may decrease the amount of heat storage depending on its traits. Research 
should be done on what kind of material would retain the PCM properties most effectively. 
The phase change samples tested should also be researched, as there were different 
compounds in each sample. Which combinations led to certain traits would be of interest, as 
creating an even more potent phase change material is always a priority.    
 
5.2 Thermal Conductivity Test 
 The thermal conductivity test was both revealing and frustratingly erratic. The results 
revealed that the test was within an order of magnitude of the known thermal conductivity 
values. The expected thermal conductivity of PLA was 0.20 W/m-K. With the results a 
variation of results, none of which were 0.1-0.3 W/m-K, the test procedure cannot be 
validated as accurate. The phase change material trials were invalidated completely, because 
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the material leaked out of the center and in between the washer and the glass panes. The 
results for the PLA tests displayed inconsistent and unpredictable behavior. For example, in 
the Original Method, PLA v1 and PLA v2 had a thermal conductivity around 0.58 and 0.27 
respectfully. After the Re-melt, PLA v1 had a thermal conductivity of 0.26, and PLA v2 had a 
thermal conductivity of 0.41. In other words, PLA v1 conductivity decreased after the Re-
melt, and the PLA v2 conductivity increased after the Re-melt. The reasoning behind this 
behavior can only be guessed at. The current theory is the Re-melt created bigger air bubbles 
for PLA v1 and increased the thermal contact for PLA v2. 
The results displayed between the different methods showed that the few modifications 
that were made did resolve some of the issues faced. In the Modified Method, the super glue 
adhering to the washer did correctly proportion the thermal resistances of the washer and the 
sample inside the washer. Before, in the Original Method, the sample had much better 
thermal contact with the glass and therefore had greater thermal conductivity. The super glue 
increased the washer’s thermal conductivity and made the resistances more proportionate. 
Replacing the varnish with soldering removed one source of error and one inconsistency, with 
the varnish absorbing some of the heat and the thermal wires often disconnecting from the 
copper disks.  
 A reference material besides PLA is recommended. The air bubbles found in the tested 
PLA increased the resistance of the samples, causing the thermal conductivity to be lower 
than the known value. Despite multiple tries to eliminate the bubbles, the printed PLA 
consistently contained air inside. A different polymer-based material with thermal 
conductivity close to 0.20 W/m-K, like epoxy adhesive, would be ideal as long as any air 
inside the sample could be eliminated. 
The roughness of the different components should be smoothed. The copper disks 
became wrinkled over time and did not exert heat perfectly into the system. The glass panes 
cracked underneath the pressure of the C-clamp. Having thicker glass would be advisable. 
The samples themselves still tended to overflow and leak despite the super glue, and still 
caused issues with thermal contact. This coarseness causes more imperfect thermal contact, 
where heat loss becomes more prevalent. How this roughness affects the experiment is 
unknown, as it would be very difficult to measure the roughness of each component, as well 
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as its effect. The coarseness also creates inconsistencies, as this roughness may be part of the 
reason for variation in heat loss.  
 Increasing the reproducibility of each trial is another recommendation. The alignment of 
all the components was very difficult. The copper disks, glass panes, and PTFE washers 
tended to slip and slide as the pressure increased. Variations in alignment can cause heat to 
travel through the system in different ways and skew the results.  
The pressure exerted from the C-clamp was also difficult to reproduce. How tight the 
clamp is should be regulated, so as to decrease variation in trials. Mechanizing the set up as 
much as possible should increase reproducibility and decrease the amount of human error 
involved.  
 The thermal conductivity is significant to know for civil engineers, as phase change 
material must adhere with the construction materials. The structure should be properly 
insulated, and PCM plays a major role on the heat flowing through the room. How the 
material effect the heat at different temperatures is something that must be determined before 
the material is applied. Consequently, the thermal conductivity test is recommended to be re-
designed and performed to determine more accurate and consistent results.  
 
5.3 Ellipsometry. 
 The ellipsometer test determinations provided by the glass substrate with absorbing film 
model were consistent and accurate. The refractive index of phase change material can safely 
be judged to be around 2.0-2.2, with an extinction coefficient of 0.05. However, the 
ellipsometer at WPI is very sensitive; microscopic issues in the sample and substrate could 
have caused cause inaccuracy. The fact that the substrate and sample are not perfectly 
specular is the reason there was deviation. Creating a perfectly specular substrate and ideally 
smoothing the sample across the substrate can create optimal conditions for the most accurate 
of results. However, the tests performed during this project were considered to be adequate 
and provide meaningful determinations that can be used to further research phase change 
material. 
 A refractive index of 2.1 means the light bends at a higher angle than glass. As a result, 
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this phase change material is not recommended to be applied in windows or transparent 
screens when sunlight is desired to flood the rooms, as the light will be bend at undesirable 
angles. If a slight bending of light is desired, however, than phase change material could be 
applied to transparent substances. 
An extinction coefficient of 0.05 is relatively high compared to glasses. Many glasses 
and polymers have extinction coefficients of 0.000, meaning light does not get absorbed at 
all. Aluminum, however, has an extinction coefficient of 7.618 at a wavelength of 632.8 nm. 
(Filmetrics, 2016) A possible reason why the phase change material had an extinction 
coefficient of 0.05 was because of the aluminum components in the samples. The metal 
allows light to be absorbed. This light will optimally be transformed into heat, which the 
phase change material can store and release through the specific temperature range. The 
majority of the energy storing will come from heat, as phase change material will more likely 
be applied to walls and roof membranes where light does not penetrate as easily.  
A relatively high refractive index and extinction coefficient makes this PCM ideal for 
non-transparent building material. The stronger light bending will ensure light does not easily 
penetrate through the walls, and the light absorbing trait will allow the phase change material 
to store and transform what light does come through and transform it into energy. How most 
efficiently to apply this material remains to be researched. Creating a capsule that can take 
advantage of the PCM’s thermal and optical properties to the maximum effect is of great 
interest. 
 
5.4 Further Research Recommendations 
 Re-designing and re-doing the thermal conductivity test is a priority. The thermal 
conductivity and resistance of phase change material must be discovered before any actual 
application into electrical or structural elements. The experiment set-up of this project can be 
used as a baseline; however, a plentiful amount of modifications must be made for the test to 
have consistent accuracy. 
 The physical properties of PCM is also a priority. The tensile strength, flexibility, 
fluidity, all are advantageous to know before applying the PCM to buildings and electrical 
systems. This project was planning on a T-bone experiment to stretch the PCM and calculate 
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tensile, but the lack of PCM sample made this test impossible.  
 How to contain the phase change material most efficiently will be an ongoing research 
topic. The PCM cannot be freely embedded in structures; capsules have to be designed and 
created. Generating and testing capsules, including microcapsules, with phase change 
material inside could lead to some very valuable breakthroughs. 
 How much energy and money phase change material can save would be a very 
marketable discovery. No company will utilize an overly-expensive material that does not 
conserve much energy. Learning exactly how energy and therefore money PCM can earn is 
an economic way to appeal to commercial companies and start the ‘real world’ experiments.  
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Appendices 
 
Appendix A: Differential Scanning Calorimeter Data 
Sample 
Onset 
1 (⁰C) 
Peak 
(⁰C) 
End 
(⁰C) 
Heat 
Capacity 
(J/g) 
Onset 
2 (⁰C) 
Peak  
(⁰C) 
End  
(⁰C) 
Heat 
Capacity 
(J/g) 
Difference 
in Heat 
Capacity 
(J/g) 
10.28-
Test-1 
58.57 66.73 71.90 109.55 47.68 43.93 39.26 162.15 -52.60 
10.28-
Test-2 
57.62 60.91 61.94 86.18 53.01 52.02 49.99 57.63 28.56 
10.28-
Test-3 
50.01 61.08 61.95 125.59 52.46 51.46 49.97 85.90 39.69 
10.28 
55.4 ± 
4.69 
62.91 
± 3.31 
65.26 
± 5.75 
107.11 ± 
19.82 
51.05 
± 2.93 
49.14 
± 4.52 
46.41 
± 6.19 
101.89 ± 
54.07 
5.21 
Blank-1 46.77 48.27 48.74 41.81 39.78 39.46 38.70 26.04 15.77 
Blank-2 47.18 48.58 49.03 31.72 42.38 41.52 39.77 28.44 3.28 
Blank-3 46.99 48.71 49.24 36.88 42.39 41.52 39.63 31.46 5.42 
Blank 
46.98 
± 0.21 
48.52 
± 0.23 
49 ± 
0.25 
36.8 ± 
5.04 
41.52 
± 1.5 
40.83 
± 1.19 
39.37 
± 0.58 
28.65 ± 
2.72 
8.15 
KS-3-187-
50-1 
42.31 43.81 44.58 55.34 44.80 43.69 41.14 57.27 -1.93 
KS-3-187-
50-2 
41.13 42.77 43.46 45.92 44.93 43.86 41.57 46.23 -0.31 
KS-3-187-
50-3 
41.10 42.77 43.48 45.45 44.93 43.86 41.39 46.37 -0.92 
KS-3-187-
50 
41.51 
± 0.69 
43.12 
± 0.6 
43.84 
± 0.64 
48.9 ± 
5.58 
44.89 
± 0.08 
43.8 ± 
0.1 
41.37 
± 0.22 
49.96 ± 
6.34 
-1.05 
KS-4-29-
70-30-1 
47.82 49.24 49.87 45.80 43.28 42.59 40.73 30.45 15.35 
KS-4-29-
70-30-2 
46.85 48.81 49.49 50.39 41.76 41.09 39.26 32.38 18.01 
KS-4-29-
70-30-3 
47.14 48.98 49.62 41.43 42.48 41.79 39.86 35.21 6.22 
KS-4-29-
70-30 
47.27 
± 0.5 
49.01 
± 0.22 
49.66 
± 0.19 
45.87 ± 
4.48 
42.51 
± 0.76 
41.82 
± 0.75 
39.95 
± 0.74 
32.68 ± 
2.39 
13.19 
KS-187-
30-1 
57.12 59.64 62.81 51.12 47.49 45.02 43.63 137.10 -85.99 
KS-187-
30-2 
60.07 64.40 67.08 58.08 47.54 45.43 44.09 123.38 -65.30 
KS-187-
30-3 
57.37 60.34 61.19 100.46 47.50 45.66 44.34 121.01 -20.55 
KS-187-30 58.19 61.46 63.69 69.88 ± 47.51 45.37 44.02 127.16 ± -57.28 
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± 1.64 ± 2.57 ± 3.04 26.71 ± 0.03 ± 0.32 ± 0.36 8.69 
KS-187-
90-1 
38.15 39.64 40.61 63.64 29.11 27.99 27.07 43.28 20.37 
KS-187-
90-2 
37.38 38.81 39.49 48.36 29.94 28.82 27.88 41.13 7.23 
KS-187-
90-3 
40.31 41.88 42.87 48.36 30.47 29.36 28.44 30.63 17.72 
KS-187-90 
38.61 
± 1.52 
40.11 
± 1.59 
40.99 
± 1.72 
53.45 ± 
8.82 
29.84 
± 0.69 
28.72 
± 0.69 
27.8 ± 
0.69 
38.34 ± 
6.77 
15.11 
KS-187-
70-1 
40.34 41.88 42.85 45.24 30.41 29.36 28.54 23.54 21.69 
KS-187-
70-2 
38.29 39.51 40.12 34.09 30.43 29.39 28.55 24.96 9.13 
KS-187-
70-3 
37.98 39.14 39.74 29.56 30.39 29.36 28.56 24.00 5.57 
KS-187-70 
38.87 
± 1.28 
40.18 
± 1.49 
40.9 ± 
1.7 
36.29 ± 
8.07 
30.41 
± 0.02 
29.37 
± 0.02 
28.55 
± 0.01 
24.16 ± 
0.72 
12.13 
Table 9: DSC Test Results. Each sample is heated from 20 C to 100 C, then cooled from 100 C 
to 20 C. The onset 1, peak, end, and heat capacity of the phase change process is recorded 
during the heating stage, and the onset 2, peak, end, and heat capacity of the phase change 
process is recorded during the cooling stage. The average and standard deviation calculations 
are included.  
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Appendix B: Thermal Conductivity Data 
 
 
Sample at 
initial T of 
35°C 
P 
(watts) 
ΔTo  
(°C) 
ΔTf 
(°C) 
ΔTf - ΔTo 
(°C) 
c 
Rs 
(°C/W) 
Rt (°C/W) 
k 
(W/m-°C) 
O
rig
in
al
 M
et
ho
d 
Test w/ 
system 
resistance 
0.0800 0.10 0.11 0.01 0.03 4.60 N/A N/A 
0.0326 0.10 0.17 0.07 0.31 7.00 N/A N/A 
0.0734 0.10 0.30 0.20 0.27 10.22 N/A N/A 
0.1307 0.10 0.40 0.30 0.28 8.11 N/A N/A 
    Average 
0.22 ± 
0.13 
7.48 ± 
2.34 
  
Test w/ 
washer 
0.0800 0.08 0.14 0.06 0.03 4.60 N/A N/A 
0.0326 0.08 0.38 0.30 0.31 7.00 N/A N/A 
0.0734 0.08 0.73 0.65 0.27 10.22 N/A N/A 
0.1307 0.08 1.23 1.15 0.28 8.11 N/A N/A 
    Average 
0.22 ± 
0.13 
7.48 ± 
2.34 
  
Test w/ PLA 
v1 
0.0800 0.09 0.19 0.10 0.03 4.60 51.73 0.61 
0.0326 0.09 0.53 0.44 0.31 7.00 60.76 0.52 
0.0734 0.09 1.08 0.99 0.27 10.22 53.42 0.59 
0.1307 0.09 1.90 1.81 0.28 8.11 52.60 0.60 
    Average 
0.22 ± 
0.13 
7.48 ± 
2.34 
54.63 ± 
4.15 
0.58 ± 
0.04 
Test w/ PLA 
v2 
0.0800 0.12 0.19 0.07 0.03 4.60 137.94 0.23 
0.0326 0.12 0.45 0.33 0.31 7.00 199.25 0.16 
0.0734 0.12 0.92 0.80 0.27 10.22 91.96 0.34 
0.1307 0.12 1.55 1.43 0.28 8.11 92.78 0.34 
     Average 
0.22 ± 
0.15 
7.48 ± 
2.82 
130.48 ± 
50.63 
0.27 ± 
0.09 
Re
-M
el
t 
Test w/ PLA 
v1 
0.0800 0.08 0.13 0.05 0.03 4.60 91.96 0.34 
0.0326 0.08 0.39 0.31 0.31 7.00 551.76 0.06 
0.0734 0.08 1.08 0.79 0.27 10.22 96.89 0.32 
0.1307 0.08 1.90 1.41 0.28 8.11 98.15 0.32 
    Average 
0.22 ± 
0.13 
7.48 ± 
2.34 
209.69 ± 
228.06 
0.26 ± 
0.14 
Test w/ PLA 
v2 
0.0800 0.07 0.12 0.05 0.03 4.60 91.96 0.34 
0.0326 0.07 0.29 0.22 0.31 7.00 43.11 0.73 
0.0734 0.07 0.63 0.56 0.27 10.22 91.96 0.34 
0.1307 0.07 1.10 1.03 0.28 8.11 139.86 0.22 
     Average 
0.22 ± 
0.13 
7.48 ± 
2.34 
91.72 ± 
39.5 
0.41 ± 
0.22 
M
od
ifi
ed
  Test w/ PLA 
v3 
0.0800 0.06 0.16 0.10 0.03 4.60 51.73 0.61 
0.0326 0.06 0.35 0.29 0.31 7.00 505.78 0.06 
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0.0734 0.06 0.75 0.69 0.27 10.22 281.63 0.11 
0.1307 0.06 1.30 1.24 0.28 8.11 240.12 0.13 
     Average 
0.22 ± 
0.13 
7.48 ± 
2.34 
209.69 ± 
228.06 
0.26 ± 
0.14 
Table 10: Thermal Conductivity Test with test samples starting at 35 C. The different of 
temperature is noted at 0 volts and recorded in the ΔTo column. The different of temperature is 
noted at each power level (ΔTf). Power (P) is inputted into the system via heating couple. The 
power loss coefficient (c), system resistance (Rc), sample resistance (Rt), and thermal 
conductivity (k) of PLA is calculated using power, difference of change of temperature, and the 
known resistance of the PTFE washer. The average results and standard deviations are also 
calculated. The Original Method are tests without super glue adhered between the middle 
washer and the glass panes. The Re-melt is a repeat of the original method after the two 
original PLA samples were reheated on a hot plate to achieve better thermal contact. The 
Modified Method was done with a third PLA sample and used glue to attach the washer to the 
glass to ensure better thermal contact for the washer. 
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Sample at 
initial T of 
around 35°C 
P (watts) 
ΔTo  
(°C) 
ΔTf 
(°C) 
ΔTf - ΔTo 
(°C) 
c 
Rs 
(°C/W) 
Rt (°C/W) k (W/m-°C) 
Test w/o 
washer and 
sample 
0.0800 0.10 0.11 0.01 0.03 4.60 N/A N/A 
0.0326 0.10 0.17 0.07 0.31 7.00 N/A N/A 
0.0734 0.10 0.30 0.20 0.27 10.22 N/A N/A 
0.1307 0.10 0.40 0.30 0.28 8.11 N/A N/A 
 Average    
0.22 ± 
0.13 
7.48 ± 
2.34 
  
Test w/ washer 
0.0800 0.08 0.14 0.06 0.03 4.60 N/A N/A 
0.0326 0.08 0.38 0.30 0.31 7.00 N/A N/A 
0.0734 0.08 0.73 0.65 0.27 10.22 N/A N/A 
0.1307 0.08 1.23 1.15 0.28 8.11 N/A N/A 
 Average    
0.22 ± 
0.13 
7.48 ± 
2.34 
  
Test w/ PLA v1 
0.0800 0.08 0.13 0.05 0.03 4.60 91.96 0.34 
0.0326 0.08 0.39 0.31 0.31 7.00 551.76 0.06 
0.0734 0.08 1.08 0.79 0.27 10.22 96.89 0.32 
0.1307 0.08 1.90 1.41 0.28 8.11 98.15 0.32 
 Average    
0.22 ± 
0.13 
7.48 ± 
2.34 
209.69 ± 
228.06 
0.26 ± 0.14 
Test w/ PLA v2 
0.0800 0.07 0.12 0.05 0.03 4.60 91.96 0.34 
0.0326 0.07 0.29 0.22 0.31 7.00 43.11 0.73 
0.0734 0.07 0.63 0.56 0.27 10.22 91.96 0.34 
0.1307 0.07 1.10 1.03 0.28 8.11 139.86 0.22 
 Average    
0.22 ± 
0.13 
7.48 ± 
2.34 
91.72 ± 
39.5 
0.41 ± 0.22 
Table 11: Thermal Conductivity Test Re-Melt with test samples starting at 35 C. The different 
of temperature is noted at 0 volts and recorded in the ΔTo column. The different of temperature 
is noted at each power level (ΔTf). Power (P) is inputted into the system via heating couple. 
The power loss coefficient (c), system resistance (Rc), sample resistance (Rt), and thermal 
conductivity (k) of PLA is calculated using power, difference of change of temperature, and the 
known resistance of the PTFE washer. The average results and standard deviations are also 
calculated. The Re-melt is a repeat of the original method after the two original PLA samples 
were reheated on a hot plate to achieve better thermal contact.  
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Sample 
at initial 
T of 60°C 
P 
(watts) 
ΔTo  
(°C) 
ΔTf 
(°C) 
ΔTf - ΔTo 
(°C) 
c Rs (°C/W) Rt (°C/W) k (W/m-°C) 
Test w/o 
washer 
and 
sample 
0.0080 0.08 0.10 0.02 0.38 6.57 N/A N/A 
0.0326 0.08 0.14 0.06 0.39 4.76 N/A N/A 
0.0734 0.08 0.24 0.16 0.39 5.57 N/A N/A 
0.1307 0.08 0.42 0.34 0.40 6.46 N/A N/A 
    Average 0.39 ± 0.01 5.84 ± 0.85 N/A N/A 
Test w/ 
washer 
0.0080 0.11 0.20 0.09 0.38 6.57 N/A N/A 
0.0326 0.11 0.46 0.35 0.39 4.76 N/A N/A 
0.0734 0.11 0.93 0.82 0.39 5.57 N/A N/A 
0.1307 0.11 1.66 1.55 0.40 6.46 N/A N/A 
    Average 0.39 ± 0.01 5.84 ± 0.85 N/A N/A 
Test w/ 
PLA v1 
0.0080 0.12 0.20 0.08 0.38 6.57 137.94 0.23 
0.0326 0.12 0.48 0.36 0.39 4.76 689.70 0.05 
0.0734 0.12 0.96 0.84 0.39 5.57 781.66 0.04 
0.1307 0.12 1.69 1.57 0.40 6.46 1413.89 0.02 
    Average 0.39 ± 0.01 5.84 ± 0.85 
755.8 ± 
522.77 
0.08 ± 0.1 
Test w/ 
PCM 
0.0080 0.14 0.16 0.02 0.38 6.57 0.00 Invalid 
0.0326 0.14 0.37 0.23 0.39 4.76 32.57 0.96 
0.0734 0.14 0.72 0.58 0.39 5.57 40.23 0.78 
0.1307 0.14 1.23 1.09 0.40 6.46 37.48 0.84 
    Average 0.39 ± 0.01 5.63 ± 0.91 
36.76 ± 
3.88 
0.86 ± 0.09 
Table 12: Thermal Conductivity Test with test samples starting at 60 C. The different of 
temperature is noted at 0 volts and recorded in the ΔTo column. The different of temperature is 
noted at each power level (ΔTf). Power (P) is inputted into the system via heating couple. The 
power loss coefficient (c), system resistance (Rc), sample resistance (Rt), and thermal 
conductivity (k) of PLA is calculated using power, difference of change of temperature, and the 
known resistance of the PTFE washer. The average results and standard deviations are also 
calculated. Only the Original Method was utilized in these tests. 
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Appendix C: Ellipsometry Data 
 
Sample n at 632.8 nm wavelength Thickness (nm) k MSE 
1.1 1.51311 1600.03 0.00 3.577 
1.2 1.51399 1604.21 0.00 2.871 
1.3 1.51420 1629.44 0.00 2.757 
Average 1.51377 1611.23 0.00 3.07 
2.1 1.49145 870.11 0.00 8.706 
2.2 1.49333 887.51 0.00 7.930 
2.3 1.49374 888.19 0.00 7.494 
Average 1.49284 881.94 0.00 8.04 
3.1 1.50243 1571.68 0.00 4.120 
3.2 1.50576 1678.54 0.00 4.210 
3.3 1.50228 1535.41 0.00 4.815 
Average 1.50349 1595.21 0.00 4.382 
2.1.1 1.49467 885.89 0.00 7.249 
2.1.2 1.49518 889.19 0.00 6.857 
2.1.3 1.49550 891.84 0.00 6.605 
Average 1.49512 888.97 0.00 6.904 
Overall Average 1.50130 1244.33667 0.00 5.59925 
Table 13: PCM Ellipsometry Results using Glass Substrate with Transparent Film Model. Each 
trial was performed using an incidence of angle of 56, 56.5, 57, 57.5, and 58 degrees. ‘n’ is the 
refractive index, the thickness denotes the thickness of the film measured by the ellipsometer, 
‘k’ is the extinction coefficient, α is the absorption coefficient, and MSE is the mean square 
error, which measures how accurate the model was. The standard deviation was not included 
in this table: see 4.3 Ellipsometry Results for standard deviations. 
 
Sample n at 632.8 nm wavelength Thickness (nm) k MSE 
1.1 1.57369 424.45 -0.051 1.676 
1.2 1.98102 126.80 -0.058 1.273 
1.3 1.77111 159.13 -0.070 1.148 
Average 1.77527 236.79 -0.060 1.366 
2.1 2.12100 169.49 -0.013 1.125 
2.2 2.32156 106.40 0.056 0.983 
2.3 2.39667 100.00 0.117 0.962 
Average 2.27974 125.30 0.053 1.023 
3.1 2.51426 100.06 0.158 1.027 
3.2 2.48737 102.87 0.161 1.234 
3.3 2.08709 143.47 -0.057 1.440 
Average 2.36291 115.47 0.087 1.234 
2.1.1 2.24088 100.10 0.047 1.015 
2.1.2 2.24409 101.49 0.069 1.060 
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2.1.3 2.30549 100.97 0.177 1.050 
Average 2.26349 100.85 0.098 1.042 
Overall Average 2.17035 144.60 0.045 1.166 
Table 14: PCM Ellipsometry Results using Glass Substrate with Absorbing Film Model. Each 
trial was performed using an incidence of angle of 56, 56.5, 57, 57.5, and 58 degrees. ‘n’ is the 
refractive index, the thickness denotes the thickness of the film measured by the ellipsometer, 
‘k’ is the extinction coefficient, α is the absorption coefficient, and MSE is the mean square 
error, which measures how accurate the model was. The standard deviation was not included 
in this table: see 4.3 Ellipsometry Results for standard deviations. 
 
 
Sample n at 632.8 nm wavelength Thickness (nm) k MSE 
1.1 1.47473 25178.72 0.026 9.965 
1.2 2.77611 750.97 -0.098 8.156 
1.3 0.22699 100.00 0.107 3.389 
Average 1.49261 8676.56 0.012 7.170 
2.1 2.32402 806.77 0.977 9.230 
2.2 2.07415 936.71 0.190 6.715 
2.3 2.04856 952.93 0.882 7.332 
Average 2.14891 898.80333 0.683 7.75900 
Overall Average 1.82076 4787.68333 0.347 7.46450 
Table 15: Silicone Ellipsometry Results using Silicone Substrate with Absorbing Film Model. 
Each trial was performed using an incidence of angle of 56, 56.5, 57, 57.5, and 58 degrees. ‘n’ 
is the refractive index, the thickness denotes the thickness of the film measured by the 
ellipsometer, ‘k’ is the extinction coefficient, α is the absorption coefficient, and MSE is the 
mean square error, which measures how accurate the model was. The standard deviation was 
not included in this table: see 4.3 Ellipsometry Results for standard deviations. 
 
 
 
 
 
 
 
